Objective: To identify and quantify airborne volatile organic compounds (VOCs) inside neonatal incubators during various modes of operation within the neonatal intensive care unit (NICU) environment.
Introduction
Air pollution, both indoors and outdoors, is an important cause of increased health problems and decreased quality of life worldwide. The World Health Organization has named indoor air pollution responsible for 2.7% of the global burden of diseases (The World Health Report 2002). The Environmental Protection Agency ranks poor indoor air quality among the top five environmental risks to public health. Health effects of indoor air pollution can be much more significant due to the accumulation of considerably higher concentrations of pollutants and lack of effective ventilation. [1] [2] [3] [4] [5] Studies have identified various air pollutants and their potential sources in a number of indoor environments including hospitals. 6 Research has also established acceptable or safe levels for most of these harmful chemicals and has described effective ways to decrease the exposure to many toxins in the indoor environment. 7 Potential sources of indoor pollutants include tobacco, gas, kerosene, coal, wood, vapors from building materials, furnishings, carpets, household cleaning products, paints, cooking and heating appliances, fragrances and personal care products. 8, 9 Among the various indoor air pollutants, organic chemicals that easily volatize at room temperature called volatile organic compounds (VOCs), and semi-VOCs (SVOCs) often receive the most attention. Many VOCs are possible respiratory 10, 11 and sensory irritants, 12, 13 carcinogens, [14] [15] [16] developmental toxins, 10 neurotoxins, 17, 18 hepatotoxins 19 and immunosuppressants 20 and may cause symptoms that manifest as sick building syndrome. 5, 19 The broad range of adverse health effects reported are related to the amount of time spent inside buildings with poor air quality. 19, 20 In the neonatal intensive care unit (NICU), incubators that are made primarily of plastic materials are used to maintain a thermoneutral environment for preterm infants. During the critical period of postnatal development, preterm neonates spend from 2 to 10 weeks inside an incubator where temperature, airflow and humidity can be carefully controlled. The quality of air inside the incubator, however, has not yet been evaluated and is not currently monitored. This study was conducted to identify and quantify any airborne VOCs inside neonatal incubators during various modes of operation within the NICU environment.
Methods
This was an observational, descriptive study performed in a Level III NICU. The local Institutional Review Board (IRB) waived the need for protocol review, as the study did not involve human subjects. Sample air collection and analysis were obtained from 10 unoccupied Ohio Care Plus incubators (model: Care Plus Access Mod 4000 Incubator; model number: 6600-0333-901; Ohmeda Medical, Laurel, MD, USA, year of manufacture: 2005) at two different time periods (four incubators were analyzed in October 2006 and six incubators in March 2007). These incubators were randomly selected from a group of incubators kept in the NICU ready for use after routine cleaning. The incubators were cleaned using 25H 3Mt Quat Disinfectant Cleaner, a Environmental Protection Agency (EPA)-registered product. Each incubator contained only the standard mattress provided by the manufacturer during the entire study period.
Sampling method
Grab air samples were taken from the incubators using laboratoryevacuated electropolished stainless steel air sampling canisters (Restek, Bellefonte, PA, USA) of 6 l capacity. To collect a grab air sample, the valve of the canister was connected to one end of a 4-foot long Tygon tube. The other end of the tube was fed through a tubing access cover located near the head end of the incubator. The opening of the tube was approximately 4 inches above the head end of the mattress so as to simulate the breathing zone of the infant. The evacuated canister valve was then opened to capture a 6 l sample. The valve was then closed and the canister was transported to the laboratory for analysis. Air samples were collected from each of the 10 incubators in four different operational settings as shown in Table 1 . Air samples in group 1 were collected without turning the incubator on, so that accumulated emissions and very low-level emissions could be measured. Incubators in all other groups were turned on 12 h prior to sampling, so that a concentration profile, representative of steady-state emissions, could be measured in that particular setting.
In groups 2 and 3, the temperature was set at 28 1C and 37 1C, respectively, without turning on the humidity. In group 4, the temperature was set at 37 1C and humidity was set at 50%. The access doors of the incubator were kept closed throughout the study period to enhance detection limits and to ensure that the air sampling captured only the air inside the incubators. Ambient room air samples were collected simultaneously using the same type of canister and grab air sample method.
Sample analysis
Samples were analyzed following EPA TO-15 'Determination of Volatile Organic Compounds (VOCs) in Air Collected in SpeciallyPrepared Canisters and Analyzed by Gas Chromatography/Mass Spectrometry (GC/MS).' A Tekmar AutoCan interfaced to an Agilent 6890 Gas Chromatograph with a 5973 Mass Spectrometer was used. The instrument was calibrated for 60 target compounds ( Table 2 ). In addition, non-target compounds (Table 3) were tentatively identified using mass spectral interpretation techniques with the assistance of a mass spectral library created by the National Institute for Standards and Technology. The identities of n-butyl 110-43-0; methyl n-amyl ketone) were determined by their mass spectrum of emission and relative retention times using authentic standards analyzed under the same conditions (Figures 1 and 2 ). Because the instrument had not been calibrated for these compounds prior to analysis, the calibration compounds vinyl acetate and 2-hexanone were chosen as surrogate standards, as they are believed to exhibit similar instrument responses. Authentic standards will be incorporated in future studies.
Statistics
All data were presented as either individual values or as mean ± s.e.m. One-way analysis of variance with post hoc Bartlett's test and Bonferroni's test was performed using GraphPad Prism version 4.00 for windows GraphPad software (San Diego, CA, USA). A P-value <0.05 was considered significant.
Results
Air sample analyses for multiple-targeted compounds (Table 2) showed that they were either not detected or were in low concentration. Non-targeted compounds were also identified on the basis of their mass spectral information (Table 3 ). There were a Neonatal incubator and air quality P Prazad et al few non-target compounds that were present at elevated concentrations; the emission pattern for 2-heptanone and n-butyl acetate, in particular, implied that source of the compounds was the incubator itself. To confirm the identity of these compounds, authentic standards were analyzed to verify the relative retention times and their mass spectrum of emission (Figures 1 and 2 ). The concentration of 2-heptanone was 4.89±3.06 p.p.b. (parts per billion) and n-butyl acetate was 1.71 ± 0.68 p.p.b. in ambient air samples, and the concentrations for these in different incubator settings as well as their trends are shown in Figure 3 . It was found that in a non-operational incubator with temperature and humidity controls turned off, the concentration of 2-heptanone was 23.43±4.60 p.p.b. and n-butyl acetate was 28.19±6.74 p.p.b. When the incubator was operational with temperature kept at 28 1C and humidity control off, the concentration of 2-heptanone was 2.39 ± 0.53 p.p.b. and n-butyl acetate was 3.68 ± 0.65 p.p.b. With increase in temperature to 37 1C and with humidity still off, the concentration of the compounds increased to 9.34±2.92 p.p.b. for 2-heptanone and 11.56 ± 2.27 p.p.b. for n-butyl acetate. However, addition of 50% relative humidity to an operational incubator set at 37 1C caused a further increase in the concentrations of 2-heptanone to 32.54±10.17 p.p.b. and n-butyl acetate to 26.73 ± 7.82 p.p.b. The concentrations of 2-heptanone and n-butyl acetate within the incubators changed significantly with each change of temperature or humidity setting (P<0.0001 and P<0.0006, respectively). The sample analysis was performed during two time periods, 5 months apart. The samples analyzed in March 2007 showed a lower concentration of both compounds in all settings, compared with the samples obtained in October 2006. This data suggests that emission rates alter over time and may be related to age of the incubator.
Discussion
Recommended exposure limits for multiple VOCs are available for animals and adults, but no data are available as to the exposure limits for the fetus and neonates. 2-Heptanone and n-butyl acetate are listed among OSHA (Occupational Safety and Health Administration) regulated hazardous substances. Work place exposure limits for 2-heptanone are 100 p.p.m. (OSHA), 100 p.p.m. Although earlier studies by Albro et al. 21 showed the incorporation of 2-heptanone or its metabolites into liver proteins as well as into DNA in vivo and in vitro, subsequent studies by Barber et al. 22 failed to reproduce the same effects. Studies in animal models have shown a decrease in respiratory rate and duration of immobility in a behavioral despair swimming test as a result of short-term inhalation exposure. 23 Later studies showed a lack of toxicity following chronic, low-dose inhalation exposure to 2-heptanone in animals. 24 There are no reports to date regarding the ability of 2-heptanone to cause malignancy or affect reproduction.
Acetates including n-butyl acetate have widespread industrial and commercial use as common volatile organic solvents. Studies have reported central nervous system excitatory, acute neurobehavioral and eye irritant effects following inhalation exposure to various acetates. 13, [25] [26] [27] David et al. 28 showed that animals exposed to high concentrations of n-butyl acetate exhibited acute effects of sedation and hypoactivity, but there was no evidence of cumulative neurotoxicity. Later, the same researchers reported sub-chronic toxicity of n-butyl acetate in rats involving multiple organ systems in a 13-week inhalation study using various concentrations. 17 It has also been shown that the neurotoxic effect of combined exposure of n-butyl alcohol and n-butyl acetate was additive, whereas irritating effects were independent. 29 A major source of VOCs and SVOCs in the indoor environment is plastic materials that give off toxic and irritating emissions long after they are manufactured. 30, 31 These materials make up a large portion of the internal surface area of a typical incubator; therefore, it is likely that VOC emissions may become a portion of the internal breathing air inside the incubators. Furthermore, VOCs found in an incubator may also arise from polyurethane foam in bedding materials. There is also the possibility that VOCs inside the incubators originate from external sources, such as cleaning products, fragrances, personal as well as medical care products, and accumulate within the incubator. 32, 33 Although there are multiple probable sources of VOCs in the air inside the incubators, there have been no studies to determine the air quality of neonatal incubators in their actual working environment.
This study identified multiple compounds; however, 2-heptanone and n-butyl acetate were elevated inside the incubators in all operational settings relative to the level found in the ambient room air. When the incubator is non-operational, accumulation of the airborne chemicals occurs with some leakage due to physical openings. When the incubator is operational, airborne chemicals approximate a steady state and the internal concentrations depend on source strength, air change rate and surface adsorption. An increase in temperature to 37 1C produced an increase in concentrations of 2-heptanone (390%) and n-butyl acetate (314%) compared with 28 1C. The addition of humidity further increased the airborne concentrations of 2-heptanone (348%) and n-butyl acetate (231%). This trend can clearly be seen in Figure 3 . The physical law that describes an increase in vapor pressure, and hence air concentration with temperature that is frequently used to describe environmental behavior of chemicals, is the Clausius-Clapeyron relation. 34 The addition of humidity further increased the airborne concentrations of these compounds by reducing surface adsorption and possibly because the water droplets act as a reservoir of collected emissions. The NICU room where the sample collection was done also contained other incubators, thus the ambient air in the room was expected to contain emissions from the incubator materials as well. The ambient room levels were highest when the incubator was at 37 1C.
An evolving area of research is that of fetal and infant exposure to various toxins. There are increasing data to suggest that infants and fetuses are much more susceptible to a variety of environmental toxins 10 and may have significant end organ vulnerability than that of adults. 35 In a meta-analysis of original studies, the possible impact of ambient air pollution on the fetus as well as during the first year of life was evaluated. 10 Exposure to environmental insults may alter the normal developmental pattern of different organ systems in utero and postnatally. 36 Neonates, especially preterm neonates, have lower levels of detoxification enzymes and decreased DNA repair efficiency than adults; therefore, Neonatal incubator and air quality P Prazad et al air pollutants may alter their normal developmental pattern for the metabolic, immune and neurologic function that is constantly developing during the perinatal period. Differential exposure, physiological immaturity and longer life span, over which diseases initiated in early childhood can develop, may make neonates a susceptible target for environmental toxicity. Presently, we do not have any data indicating if these VOCs can be absorbed through the immature neonatal skin nor is it known if exposure to these chemicals poses any hazard to neonates. A large number of infants cared for in a NICU depend upon mechanical ventilation, continuous positive airway pressure or oxygen administered through nasal cannula during a significant part of their stay in an incubator. Therefore, the air they breathe is not exclusive to the air inside the incubator. Furthermore, the possible impact of the findings in this study on health in neonates is limited by the amount of time an infant is breathing incubator air. Whether these infants are exposed to organic compounds via oxygen or nitric oxide delivery systems or emissions from the tubing used to administer these methods of respiratory support is not known at this time. Additional studies analyzing exposure by the use of these methods are warranted in the future. The incubator access doors were kept closed for 12 h before the analysis to augment the exposure limits in this study. However, these doors are normally opened several times throughout the day to provide for an infant's clinical care; therefore, the concentration of these compounds inside the incubator could be less. This study was performed using incubators manufactured by a single company. It would be interesting to conduct a similar study using incubators from other manufacturers to see if these results can be reproduced.
Conclusion
We conclude that chemicals identified as 2-heptanone and n-butyl acetate were found in elevated concentrations inside the incubators in all operational settings relative to ambient air. Although this study used surrogate standards to identify these non-targeted compounds, future work involving authentic standards is warranted. During the initial postnatal period, extremely premature sick neonates routinely require increased humidity and temperature in their incubators to maintain thermal neutrality. We found an increase of 390 and 348% in 2-heptanone and 314 and 231% in n-butyl acetate with increased incubator temperature and humidity, respectively. As there is no definitive information available on the outcome of any exposure to these compounds in neonates, further studies evaluating the effects of neonatal exposure to these VOCs singly and in combination are needed.
